Background-The definition of diastolic heart failure (DHF) relies on the use of sensitive tools to exclude the presence of systolic dysfunction. The use of ejection fraction (EF) of 50% as the cutoff point may not be adequate to address such a task. We believe that systolic dysfunction is common in DHF. Methods and Results-Echocardiography with tissue Doppler imaging was performed in 339 subjects, of whom 92 had systolic heart failure (SHF) (EFϽ50%), 73 had DHF (EFՆ50% with diastolic abnormalities on Doppler echocardiography), and 68 had isolated diastolic dysfunction (DD); 106 were normal control subjects. Regional myocardial velocity curves were constructed off-line with the use of a 6-basal, 6-midsegmental model. The peak regional myocardial sustained systolic (S M ) and early diastolic (E M ) velocities were significantly lower in patients with SHF, DHF, and DD than in control subjects in almost all the myocardial segments. Likewise, the mean S M (SHFϽDHFϽDDϽcontrol subjects; 3.3Ϯ1.0Ͻ4.6Ϯ1.3Ͻ5.4Ϯ1.0Ͻ6.3Ϯ1.0 cm/s; all PՅ0.001) and mean E M (SHFϭDHFϽDDϽcontrol subjects; 3.6Ϯ1.2 ϭ3.9Ϯ1.3Ͻ5.3Ϯ1.6Ͻ7.2Ϯ1.7 cm/s; all PϽ0.001) from the six basal segments were decreased in all the disease groups. A mean S M of 4.4cm/s (Ϫ2 SD of control subjects) predicted the presence of systolic dysfunction in 92% of patients with SHF, 52% with DHF, and 14% with DD. Conclusions-Through the use of tissue Doppler imaging, systolic abnormalities were evident in patients previously labeled as DHF and to a much lesser extent, isolated DD. This indicates the common coexistence of systolic and diastolic dysfunction in a spectrum of different severity in the pathophysiological process of heart failure. (Circulation. 2002; 105:1195-1201.)
D iastolic dysfunction (DD) refers to the presence of abnormalities in filling of the ventricle(s). 1 It may occur in the left, right, or both ventricles. [2] [3] [4] In patients with systolic heart failure (SHF), left ventricular DD commonly coexists and is more prevalent than right ventricular DD. 3 Nevertheless, isolated DD has been described to occur in almost all cardiac diseases with or without the accompanying heart failure features. The former is called diastolic heart failure (DHF), in which systolic function is preserved, which is usually assessed by echocardiography or ventriculography. DHF has been described to be responsible for more than one third of heart failure hospitalization. 5 Echocardiography with Doppler studies is a commonly used noninvasive diagnostic tool for the distinction between systolic and diastolic dysfunction. 6, 7 Conventional definition of DHF usually relies on the preserved systolic function with left ventricular ejection fraction Ͼ50% and coexisting features of DD. 8, 9 The former criteria are somewhat arbitrary and may not be able to differentiate patients with mild systolic dysfunction. Tissue Doppler imaging (TDI) is an emerging echocardiographic technique with the capacity to quantify systolic and diastolic functions both globally and regionally. 10, 11 We and others have demonstrated that TDI is useful and more sensitive for the detection of left ventricular systolic dysfunction and DD than is conventional echocardiography 12, 13 because it integrates detailed information of regional function to estimate global cardiac function. Systolic function is in fact one of the most important determinants of diastolic function. 14, 15 Because systolic and diastolic functions are closely coupled in the cardiac cycle and both are energy-dependent processes, 1 we hypothesized that systolic abnormality coexists in patients with DHF and possibly "isolated" DD. Therefore, the aim of this study was to compare systolic and diastolic functions in patients with SHF, DHF, and isolated DD and in normal control subjects by means of TDI.
Methods Patients
Echocardiography was performed in 339 subjects in a University teaching hospital. These included 233 patients with known systolic and/or diastolic dysfunction who were recruited from the outpatient clinic and 106 healthy volunteers from a regional health festival.
Among the patients, 92 had SHF with ejection fraction Ͻ50% by echocardiography and had signs and symptoms of heart failure; 73 had DHF with clinical features of heart failure, preserved systolic function (ejection fraction Ն50%), and evidence of DD by Doppler echocardiography; and 68 had isolated DD who never presented with heart failure (Table 1) . For underlying disease, 158 had ischemic heart disease, 23 had dilated cardiomyopathy, 50 had hypertensive heart disease, and 2 had alcoholic cardiomyopathy. For patients with ischemic heart disease, 51 had history of myocardial infarction (all in the SHF group), 84 had coexisting hypertension, and 65 had percutaneous coronary intervention performed. Coronary angiography was performed in 111 patients with ischemic heart disease, 9 patients with hypertensive heart disease, and all the patients with cardiomyopathy. Patients with atrial fibrillation, coexisting major organ dysfunction (such as kidney failure, respiratory disease, and hepatic dysfunction), or systemic illness or infection were excluded from the study. Informed consent was obtained from all subjects.
Echocardiography
Standard echocardiography with Doppler studies was performed (System 5, Vingmed-General Electric). The left ventricular dimension and ejection fraction were measured by a 2-dimensionally guided, M-mode method according to the guidelines of the American Society of Echocardiography. 16 Left ventricular diastolic dysfunction was classified as restrictive filling pattern (RFP) (defined as E/A ratio Ն2 or E/A ratioϭ1 to 2 and DTϽ140 ms), abnormal relaxation pattern (defined as E/A ratioϽ1 or E/A ratioϭ1 to 2 and deceleration time [DT]Ͼ240 ms), or pseudonormal (normal E/A ratio and DT but abnormal pulmonary venous inflow pattern of reversed systolic/diastolic forward flow ratio), as previously described. 2, 17, 18 At least 3 consecutive beats in sinus rhythm were measured, and the average values were taken. Left ventricular midwall systolic stress was calculated according to the method of Shimizu 19 :
where SBP is the systolic blood pressure, LVIDs is left ventricular end-systolic internal dimension, and PWTs is end-systolic posterior wall thickness. The modified midwall fractional shortening was calculated by the formula 19 Midwall fractional shorteningϭ
where a is the distance from the posterior wall endocardium of the midwall fiber at end-systole, which is calculated from the preset formula as previously described. 19 TDI was performed at apical views (apical 4-chamber, 2-chamber, and long-axis) for the long-axis/major-axis motion of the left ventricle as previously described. 12, 20 In brief, 2D echocardiography with TDI color imaging was set by bypassing the high-pass filter while allowing the low-frequency Doppler signals input directly into an autocorrelator. The imaging angle was adjusted to ensure a parallel alignment of the sampling window with the myocardial segment of interest. Color noise reduction was adjusted, and a color Doppler scanning frame rate of 100 to 140 Hz was used. Images in at least 3 consecutive beats were stored. Myocardial pulse-Doppler velocity profile signals were reconstituted from the digitized images and analyzed off-line with a computer. In each apical view, both the basal and mid segments were assessed at the following wall: septal, lateral, anteroseptal, posterior, anterior, and inferior segments. 20 The peak myocardial sustained systolic (S M ) and early diastolic (E M ) velocities were measured in each segment. In addition, the shortaxis/circumferential fiber systolic and diastolic velocities were measured by the parasternal views over the mid anteroseptal and posterior segments. 21 Validation of TDI has been performed extensively in physical models, 22 animal models, 23, 24 and human subjects. [25] [26] [27] In physical models, the TDI-derived velocity was exactly representing the velocity of the moving phantom (rϭ0.99). 22 In animal studies, the TDI measured velocities correlated with regional segmental shortening by piezoelectric crystals (rϭ0.89 to 0.90). 24 In human studies, the systolic long-axis velocities by TDI had been shown to correlate with dp/dt by catheterization (rϭ0.82 to 0.88, PϽ0.0001), 25, 26 whereas the long-axis early diastolic velocity closely correlated with tau, the time constant of relaxation (rϭϪ0.80, PϽ0.0001). 27 The usefulness of TDI to detect abnormal cardiac function in various disease groups was also validated in human studies, such as hypertrophic cardiomyopathy, 28 hypertension, 29 and diastolic dysfunction. 11, 30 In patients with known regional abnormalities with hypokinetic and akinetic segments, reduction in regional systolic and diastolic wall velocities were observed. 24, 31 The mean velocity from the 6 -basal segmental model was also reported to be a sensitive index of global cardiac function, 10 whereas the E M was found to be a good discriminator of normal from DD in clinical studies. 13 In our own laboratory, validation was performed in 40 patients by invasive hemodynamic measurement and found that there was a good correlation between mean basal S M and ϩdp/dt (rϭ0.84, PϽ0.001) and mean basal E M and Ϫdp/dt (rϭ0.69, Pϭ0.001). The interobserver variability and intraobserver variability have been compared in 60 consecutive measurements, which were 4.7% and 3.2%, respectively.
Statistics
Data were analyzed with the use of a statistical software program (SPSS for Windows, version 10.0, SPSS Inc). For comparison of peak myocardial velocities and other echocardiographic data among various groups, the general linear model was used in which age, heart rate, and medications were input as independent covariates to examine their effect on the dependent variables and followed by 1-way ANOVA with Scheffé's correction for significance. Linear regression was used to investigate the correlation between two parametric variables. Comparison of nonparametric data was performed by 2 test. The results are expressed as meanϮSD. A value of PϽ0.05 was considered statistically significant.
Results
In the disease group, the mean age was 66.9Ϯ10.7 years, and 72% were men. This was not different from the control subjects (64.3Ϯ9.5 years, 60% men, both PϭNS). The heart rate was not different between the disease group and control subjects (67.4Ϯ13.1 versus 64.7Ϯ10.8 beats/min, PϭNS). The clinical data for patients with SHF, DHF, and DD are shown in Table 1 . The distribution of New York Heart Association (NYHA) class for SHF (nϭ92) was: class II, 50%; class III, 33%; and class IV, 17% and was 82%, 17%, and 0%, respectively, in those with DHF (nϭ73).
By the general linear model, it was found that age, heart rate, and individual medications including ␤-blockers and calcium channel blockers were not significant covariates that affected echocardiographic parameters; statistical adjustment was therefore not performed.
Systolic Parameters
Patients with SHF had significantly larger left ventricular end-systolic (SHF, 5.3Ϯ1.0; DHF, 3.5Ϯ0.8; DD, 3.1Ϯ0.6 cm) and end-diastolic (SHF, 6.2Ϯ1.0; DHF, 5.1Ϯ0.8; DD, 4.8Ϯ0.7 cm) diameters than those with DHF or DD (all PϽ0.001). As expected, the fractional shortening (SHF, 15Ϯ4%; DHF, 31Ϯ8%; DD, 36Ϯ8%) and ejection fraction (SHF, 38Ϯ9%; DHF, 66Ϯ11%; DD, 72Ϯ10%) were significantly lower in patients with SHF than in those with DHF or DD (all PϽ0.001). All these parameters were not different when comparing patients with DD with those with DHF.
On TDI measurement, the peak myocardial sustained systolic velocities (S M ) in patients with SHF, DHF, and DD were significantly lower than in control subjects ( Table 2) . This abnormality was consistently seen in all 12 myocardial segments in SHF and DHF and in 8 of 12 myocardial segments in DD. In addition, the S M was lower in patients with SHF than in those with DHF or DD in most of the myocardial segments and to a lesser extent when comparing patients with DHF and DD (Table 2 and Figure 1A ). For the short-axis fiber function, it was significantly reduced in the anteroseptal and posterior segments in SHF and DHF groups and in the DD group to a lesser extent ( Table 2 ). The mean value of the 6 basal segments (mean S M ) was calculated to represent global left ventricular systolic function. The 6 basal segments were taken because they represent the cumulative speed of wall contraction in that particular wall from the base to the apex. It was found that the order of magnitude of mean S M was: control subjectsϾDDϾDHFϾSHF, where the comparison was highly significant between any two groups (all PՅ0.001) ( Table 2 and Figure 2 ). There was also a modest correlation between the mean S M and left ventricular ejection fraction (rϭ0.73, PϽ0.001) (Figure 3 ). The relation between left ventricular ejection fraction and mean S M was shown by the regression equation
Ejection fractionϭ12.5ϫmean S M
To compare TDI-measured S M with the ejection fraction, the value of Ϫ2 SD from the mean S M in the control subjects (ie, 4.4 cm/s) was used as the cutoff point for abnormality. It was found that 14% of patients with DD and 52% of patients with DHF had an S M Ͻ4.4 cm/s and was 92% in the SHF group.
To further support that the results genuinely reflect abnormal systolic function in the disease groups, the midwall systolic stress and midwall fractional shortening were also assessed. It was highly abnormal in patients with SHF (both PϽ0.001) and DHF (PϽ0.05 and PϽ0.001 respectively) ( Table 2 ).
Diastolic Parameters
In patients with isolated DD, by Doppler echocardiography, 88% of them had an abnormal relaxation pattern and 12% had a pseudonormal pattern, which was 84% and 16%, respectively, in DHF. On the other hand, for those with SHF, 48% had an abnormal relaxation pattern, 22% had a pseudonormal pattern, and 30% had a restrictive filling pattern ( 2 ϭ21.3, PϽ0.001). As a result of a higher prevalence of restrictive filling pattern, patients with SHF had a significantly higher peak transmitral early diastolic filling velocity and early to atrial velocity ratio and a lower peak atrial filling velocity than those with DHF and DD (Table 3) .
On TDI measurement, the peak myocardial early diastolic velocity (E M ) was significantly lower in all the myocardial segments in patients with SHF, DHF, and DD when compared with control subjects ( Table 4 and Figure 1B ). There was no difference in regional E M between patients with SHF and DHF, though the E M in the majority of the left ventricular segments were significantly lower in these patients than in those with DD. Similar abnormalities were present in the E M for short-axis fiber function in the anteroseptal and posterior segments ( Table 4 ).
The mean value of E M (mean E M ) at the 6 basal segments was calculated to represent global left ventricular diastolic function. It was significantly lower in all the disease groups than in control subjects (all PϽ0.001). In addition, the mean E M in SHF and DHF was lower than in those with DD (both PϽ0.001). The order of magnitude of mean E M was: control subjectsϾDDϾDHFϭSHF ( Table 4 and Figure 2 ).
Discussion
This study observed that in patients with DHF, there is objective evidence of impaired left ventricular systolic func- MV-E indicates transmitral peak early diastolic velocity; MV-A, transmitral peak trial contraction velocity; MV-E/A, transmitral peak early to atrial velocity ratio; MV-E, deceleration time of the early diastolic wave; IVRT, isovolumic relaxation time; and NS, not significant.
*PϽ0.05, †PՅ0.01, ‡PՅ0.005, and §PՅ0.001 vs normal controls. tion as demonstrated by TDI. In these patients, the regional S M and mean S M in the left ventricle were decreased. The diastolic abnormality was illustrated by the reduction in E M . Apparently, the reduction of S M was less severe in DHF than in SHF, though the reduction of E M was similar. On the other hand, the reduction of both S M and E M were less severe in patients with isolated DD.
Systolic Abnormalities in Diastolic Heart Failure and "Isolated" Diastolic Dysfunction
Conventionally, isolated DHF is defined as increased resistance to diastolic filling or presence of abnormalities of left ventricular filling, with preserved systolic function that commonly used an ejection fraction of Ͼ50% in the clinical setting of heart failure. 8, 9 This definition has methodological limitations. Although most investigators adopt this definition to differentiate systolic from diastolic heart failure, 32, 33 the present study found that by using this nomenclature, abnormalities of systolic function are in fact prevalent in those labeled as DHF. Despite the fact that patients with regional wall motion abnormalities (such as myocardial infarction) were excluded from the DHF group in the present study, reduction of regional S M was found in almost all the myocardial segments when compared with normal control subjects, indicating that systolic function is indeed impaired globally in these patients. The severity of abnormalities was also stratified by the current method, being more severe in SHF, least in DD, and DHF in between. It is intriguing to note that for patients with SHF, the degree of impairing E M was the same as those with DHF. This probably is explained by the fact that in the former group, diastolic dysfunction always coexists that is at least as severe as in those with DHF. 3 The systolic and diastolic abnormalities seen in long-axis fiber function in the patient groups were also observed in the short-axis fibers by TDI and was further supported by the abnormally increased midwall systolic stress and decreased midwall fractional shortening. The changes observed in these parameters were similar to those of long-axis velocities by TDI. This indicated that both long-and short-axis fiber functions were equally jeopardized by cardiac diseases, which was supported by previous studies. [25] [26] [27] In this study, quantitative measurement of mean S M and E M from the six basal left ventricular segments offers further insight in differentiating the three disease groups. Patients with DHF had lower mean S M and E M than those with isolated DD, whereas in the case of SHF, the S M was the lowest, and the E M was as abnormal as to those with DHF.
Relation Between Systolic and Diastolic Abnormalities
Although it is generally believed that DD and even DHF occurs solely or before systolic dysfunction, our findings illustrated that systolic abnormalities probably coexist in DHF and to a much lesser extent in DD. This condition is not detected by conventional investigations that measure ejection fraction. Conversely, our previous studies and others found that DD invariably coexists in patients with SHF. 2, 34 Because systole and diastole are closely coupled in the cardiac cycle, it is possible that functional abnormalities of intracellular calcium handling and the interaction of myofilaments result-ing in diastolic abnormalities also affect systolic function. 1, 35 Studies also confirmed that end-systolic volume or parameters of systolic contractility such as ϩdp/dt are important determinants of early diastolic function. 14, 15 We postulate that in the early course of cardiac diseases in which DD is evident by Doppler echocardiography, systolic dysfunction starts to develop. As DD progresses to clinical heart failure (ie, DHF), systolic function is further jeopardized (decrease in S M ). Eventually, the disease progresses to a full-borne picture in which both systolic and diastolic dysfunctions are clinically evident (ie, SHF) ( Figure 4 ). Because the severity of systolic and diastolic dysfunctions occurs in a continuous spectrum, some patients may have more dominant features of DD or DHF, whereas the others have combined SHF and DD. Depending also on the sensitivity of the diastolic tool on systolic and diastolic functions, the "diagnosis" of diastolic versus systolic dysfunction may be altered, as shown in the shaded area of Figure 4 .
TDI in the Assessment of Systolic and Diastolic Functions
TDI offers a new horizon for the assessment of left ventricular function. 10 -13,20 Previous validation studies have been described in the Methods section. 22,24 -26 The E M was previously shown to be reduced in the presence of cardiac diseases causing DD, such as ischemic heart disease and left ventricular hypertrophy. 20, 24, 29, 31 On the other hand, the relation between systolic and diastolic dysfunction was not examined. Based on our observation, a Ϫ2 SD of mean S M (Ͻ4.4 cm/s) accurately predicted an abnormal systolic function in approximately half of patients with DHF and 14% of patients with DD. From the regression equation, this value corresponds to an ejection fraction of 55%. In other words, S M starts to reveal Asymptomatic systolic dysfunction is probably less common than DD; that is, patients with systolic dysfunction will progress into symptomatic SHF more readily than will patients with DD into DHF. Diastolic and systolic disease probably coexist, although the severity of these two elements may vary, and diagnostic labeling is dependent on the underlying cause, patient age, and sensitivity of the diagnostic tools (shaded area). Patients with a milder form of systolic dysfunction or with a less sensitive diagnostic tool for detecting systolic dysfunction may be labeled as DHF (point A), whereas others may be labeled as DHF with coexisting systolic abnormalities (point B) or vice versa (point C). abnormal systolic function much earlier than ejection fraction does, and hence in a proportion of these patients the systolic function was labeled as "normal" by conventional methods. Therefore, the S M appears to be a more sensitive index of early systolic dysfunction than is ejection fraction. Our recent experience also found that TDI is more sensitive than ejection fraction for the detection of transient subclinical left ventricular systolic dysfunction after cardioversion of atrial fibrillation. 12 Recently, reduced S M was also observed in patients with hypertrophic cardiomyopathy and those mutationpositive nonhypertrophic subjects, despite perfectly "normal" ejection fraction when compared with normal subjects. 28
Conclusions
Using TDI, abnormalities of systolic function is prevalent in patients previously labeled as isolated DHF and to a lesser extent as DD. By combining quantitative assessment of S M , E M , and clinical features, it allows a more insightful understanding of the severity of systolic and diastolic dysfunction and differentiates among the predominant pathophysiological pictures, that is, DD, DHF, and SHF.
